An empirical potential energy surface has been developed for the Ne·OH/D complexes from the experimentally observed vibrational and rotational energy levels with ab initio calculations being used for initial esti- 2
I. INTRODUCTION
The open-shell complexes R·XH/D (R = Ne, Ar, Kr; X = O or S) have recently attracted much experimental and theoretical attention. Recently many of the results have been summarized in terms of empirical potential energy surfaces (PES) that allow one to reproduce to good accuracy the experimentally observed rovibronic energy levels. 8 and extended the report in 1992. 9 In the latter year, we reported 10 an analysis of its high resolution rotational spectrum and extended 11 the analysis in 1994.
Dubernet, et al. 12 used the vibrational data of Lin, et al. 8 to try to fit the parameters to a simple analytical PES. They had moderate success with Ne·OD but not for Ne·OH. Lin, et al. 9 repeated this exercise with much the same result, concluding that the strength of the bend-stretch interaction in Ne·OH invalidated the simple model. As reported by Heaven, 13 further efforts to obtain a more detailed PES were commenced by Bowman and Gazdy in 1991 but never yielded fully satisfactory agreement with experiment.
However Chang, et al. Recently we have obtained additional data on Ne·OH and this, combined with a desire to complete the set of PES for the R·XH/D complexes, has caused us to re-visit the problem of obtaining an empirical PES that yields rovibronic energies in satisfactory agreement with experiment for A 2 Σ + Ne·OH.
Our approach has been to re-examine both the experimental data and the theoretical approaches. We have found that some of the accepted vibrational assignments, first suggested by Dubernet, et al., 12 are in error and have re-assigned these lines. Because of the sparsity of observable bound levels in Ne·OH, most attempts to obtain an empirical PES have started with the PES calculated using Multi reference CI (MRCI) PES, which however dates to 1990. Taking a similar approach using a new, more accurate ab initio calculation and revised assignments we have obtained an empirical PES that quite satisfactorily reproduces the experimental data.
The remainder of this paper is organized as follows. Section II briefly describes our new experimental results. Section III discusses the methods of calculation of both the ab initio and the empirical PES. In Section IV we describe our fitting procedures and the need to reassign certain vibrational levels. In the final Section we compare the bonding characteristics of the Ne·OH PES with those of the other R·XH/D complexes as well as other species like Ar·HF and Ar·HCl.
II. EXPERIMENTAL
Our experimental procedures for obtaining high resolution LIF excitation spectra of the Ne·OH/D complexes has been previously documented. We have, however, re-examined a great quantity of rotationally resolved data to obtain the experimental vibrational frequencies and rotational constants reported in Tables I and II for Ne·OH and Ne·OD respectively.
Several points concerning these values require comment. Previously unreported data in Table I include the vibrational frequency of the band to the (0, 1 0 , 0) level in Table I and all the vibrational frequencies reported in Table II 
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As a result of these experiments we could not definitively rule out "hot" P -levels being present in the previously assigned bands of Ne·OH/D, without additional analysis.
To resolve this issue, we made predictions for the rotational constants for these "hot" Two different basis sets are used in these calculations. The majority of calculations employ an augmented polarized triple zeta (aug-pvtz) basis set while a small number of calculations (at linear geometries only) are carried out using a larger, augmented quadruple zeta (aug-cc-pvqz) basis set. Both basis sets are derived from Dunning's correlation-consistent basis sets. [21] [22] [23] The aug-cc-pvqz basis set used here is identical to Dunning's. The aug-pvtz basis set used here is smaller than Dunning's aug-cc-pvtz basis set in that the diffuse neon and oxygen f functions are eliminated to make the calculations more tractable.
With both basis sets, superposition corrections were evaluated using the standard Boys counterpoise method. 24 All calculations were carried out using the COLUMBUS package of codes.
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The aug-pvtz calculations were done at 94 points at distances between the Ne and the OH center-of-mass, R c.m. , ranging from 4.5 to 10 au, and 0.1 angle increments ranging from 20 degrees at the shorter distances to 90 degrees at the largest distances. In addition a small number of point in which the OH bond length, r, was allowed to vary from 1.7 to 2.1 a.u. were also evaluated. The calculated energies were fit using linear least squares to an analytic function of the following form,
A total of 44 terms were needed to bring the RMS deviation down to about 1 cm −1 .
With the larger, aug-cc-pvqz, basis set, the MRCI calculations predict binding energies 
B. The Vibrational Hamiltonian
Details of the approaches used to calculate the rotation-vibration energies from a potential energy surface (PES) for theÃ 2 Σ + state of the Ne·OH complex have been described elsewhere. [1] [2] [3] Briefly, the rovibrational Hamiltonian of the system is expressed in terms of Jacobi coordinates of the atom/diatom complex as given by Eq.(9) of Carter, et al. 3 Following Light and co-workers, the Hamiltonian matrix is evaluated in a discrete variable representation (DVR). 26 It is diagonalized using the implicitly restarted Lanczos method of Sorensen et al. 27 In the present work, the form for the PES function first introduced by Bowman et al.
is used. 4 This potential is based on a set of three one dimensional radial potentials at the Ne-HO and Ne-OH linear geometries and a third at the saddle point. The three radial functions are combined using polynomial switching functions. This is a function of the Jacobi coordinates, R c.m. , r and θ, where θ is defined so that θ = 0 corresponds to the linear Ne-HO geometry. Due to the large frequency difference between inter and intra-molecular vibrations, r is fixed at its average value when OH/D is in its ground vibrational state.
Following Bowman, the potential is given by
where V 0 , V sp , and V π , are radial cuts of the potential for θ equal to zero, the saddle point angle θ sp , and π, respectively. The radial potentials are each represented by a simple Morse functional form:
where the minimum of the potential is at R e with V (R e ) = −D e .
Finally, the functions f (θ) and g(θ) are switching functions that vary smoothly between 0 and 1 for the ranges 0 ≤ θ ≤ θ sp and θ sp ≤ θ ≤ π, respectively. In terms of the variable
f (x) and g(x) are given by the expression,
where a = f (0), b = f (1), λ 1 and λ 2 are free parameters determined in the potential optimization.
IV. FITTING PROCEDURES
The empirical PES for theÃ 2 Σ + state of Ne·OH/D was determined by a nonlinear least square fit to the experimental vibrational intervals and rotational constants. The fit was divided into three stages. In the first, the Lengedre fit to the ab initio points, given by Eq. (1), was fit using the potential form given by Eqs. (2) - (6). The global minimum of this surface is at 156.0 cm −1 with Ne·OH in the linear Ne-HO geometry. The Ne-OH configuration is bound by 51.6 cm −1 . As was noted in the work of Lin,et al. 9 this ab initio surface gives vibrational energies and rotational constants that are in poor agreement with the experimental values.
In the second stage, we performed a nonlinear least square fit to the experimental vibrational energies and rotational constants, starting with parameters obtained from the first stage. Due to the limited number of experimental data, we fit the Ne·OH and Ne· OD species simultaneously, employing a center of mass correction which has been described previously.
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In spite of this, there were too many parameters in the potential, described above, to be determined by the experimental data alone. Therefore, we constrained the ratio of the well depths at θ = 0 and π to the value obtained in stage 1, 3.0258. In addition, since the fit is relatively insensitive to the shape of the switching function, a and b in Eq.(6) were also constrained to the values obtained in stage 1, with an exception for f (1) which is set to the value that was used for our fits of the Kr·OH/SH and Ar·OH/SH surfaces. In Fig. 1 we compare slices through the potential fit at stage two (plotted with dotdashed lines) to the points that were calculated using the aug-cc-pvqz basis. While the agreement between the slices at θ = 0 is excellent, the form of the fit potential at θ = π is in poor agreement with the calculated points. Analysis of the sensitivity of the fit potential to the parameters in V π (R c.m. ) shows that the parameters in this function were underdetermined by the experimental data. This is a consequence of the fact that the majority of the observed states are localized in the Ne-HO geometry and those states that sample the second minimum, the (0,0,2) and (0, 1 1 , 0) states, have energies that approach or exceed the dissociation energy of the complex. In order to remove this ambiguity in the potential, we constrained the parameters in V π (R c.m. ) to those obtained from a fit of the points that were calculated using the aug-cc-pvqz basis to a Morse oscillator. The resulting curve is plotted with a dashed line in Fig. 1 .
In the third, and final, stage of the fit, we constrained V π to this Morse oscillator, and allowed the remaining free parameters from stage 2 as well as f (0) and g (0) to vary. It is this fit that we hereafter refer to as the empirical PES.
V. RESULTS AND DISCUSSION
The vibrational energies and rotational constants predicted from the empirical PES (stage 3) for all states of Ne·OH and Ne·OD, that are bound by at least 1 cm −1 , are summarized in Tables I and II , and the optimized potential parameters are provided in Table   III . The potential is plotted in Fig. 2 Tables I and II , this fit represents a change in assignment of several of the bands, relative to previous studies of this system. In interpreting the spectra of M·HX systems, where M is a rare gas atom and X is an oxygen, sulfur or halogen atom, one can draw from one of two limiting models. In the first, one treats the diatomic molecule as a hindered rotor that is interacting with a rare gas atom through weak van der Waals interactions. Within this model, the quantum numbers that are used to assign the spectrum are the vibrational and angular momentum quantum numbers for the diatomic molecule, ν HX and j, and the vibrational quantum number for the van der Waals stretch ν s . This model has been used to describe the spectra of the rare gas-hydrogen halide systems as well as Ne·SH. These systems are typically very weakly bound with D 0 100 cm −1 , and the (0, 1 0 , 0) state is often slightly lower in energy than the (0, 1
A second model is necessary when the M·XH system is sufficiently strongly bound that a zero-order description based on a covalently bound system becomes more appropriate. This is the case for complexes of Ar or Kr with OH or SH in the (Ã 2 Σ + ) electronic state. In these systems, the (0, 1 0 , 0) state correlates to a state with two quanta of excitation in the M-H-X bend and will be higher in energy than the (0, 1 1 , 0) state which has only one quantum of excitation in the bend.
The dependence of the rotational constants on the vibrational quantum numbers is quite different in these two cases. In the case of an rotor interacting isotropically with a rare gas atom, the rotational constants will depend only on ν s . The results given in Table IV show that for mildly anisotropic systems, like Ar·HCl or Ar·HF, the rotational constant for the fundamental in the van der Waals stretch is approximately 10% lower than the value for the ground state whereas the two bend fundamentals have rotational constants approximately equal to or slightly larger than the rotational constant for the ground state. 29, 30 In the limit of a strongly bound system, putting one quantum of excitation in any of the vibrational modes will have a small effect on the rotational constants. As the results reported in Table   IV indicate, for complexes of OH or SH with Ar or Kr the rotational constants decrease slightly upon vibrational exciatation, but all three fundamentals have approximately equal rotational constants.
2-4
At first consideration, the Ne·OH system appears to be best described by the first model. 
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We have also calculated the Franck-Condon factors for theÃ 2 Σ + ←X 2 Π transition for Ne·OH system to access the correction of the current assignment. TheX 2 Π state wave functions were calculated variationally using the potential of Alexander and co-workers 18 and the wave functions on theÃ 2 Σ + state are calculated using the methods described above.
A constant transition dipole moment was used. For all but the (0, 1 0 , 0) state, the calculated Franck-Condon factors are in very good qualitative agreement with the experimental intensities. Difficulties with many aspects of this calculation make it hard to achieve much better agreement as the calculated intensities will depend sensitively on the form of both theX 2 Π andÃ 2 Σ + potentials in addition to the form of the transition dipole between the two states. In the case of the (0, 1 0 , 0) state, the calculated intensity is significantly smaller than the experimental value due to almost complete cancellation of the integrals over the left and right lobes of the wave function, plotted in Fig. 3F . As such, the magnitude of the Franck-Condon factor for this state is found to be particularly sensitive to the form of the potentials and dipole moment function used for the calculation.
Before concluding, there is one very unusual feature of the Ne·OH/D spectrum that should be discussed, specifically the large difference in the energies of the (0,0 Fig. 4 . These potentials are obtained by averaging the potential, plotted in Fig. 2 , over the ground state in the bend coordinate, as has been previously described in
Carter, et al. 3 We have superimposed on the potentials horizontal lines that represent the energies of the bound stretching vibrational states. From these plots, we see that the binding energy in the stretch coordinate for the complex with OH is significantly smaller than that for the OD containing complex. The reason for this comes from the nature of the anistropy of the PES that leads to a ground state that is highly localized in the linear Ne-HO geometry and even more localized for Ne-OD. As such, the OD containing complex has a significantly higher fundamental frequency than that of the OH containing complex. In contrast to the complexes of Ar or Kr with OH or SH, [2] [3] [4] where all of the observed bands lie well below the barrier to isomerization to the M-XH geometry in Ne·OH/D only the ground states and the (0,0,1) state of OK lie below this barrier. Therefore, unlike the complexes of Ar or Kr with OH or SH, 2-4 the Ne·OH potential has a rather small barrier for isomerization to the Ne-OH geometry, and so zero-point averaging over the bending motion plays a much more significant role in Ne·OH than in the other heavier systems.
VI. CONCLUSIONS
We have developed an empirical potential energy surface for the Ne·OH/D complexes.
This potential reproduces the experimentally measured vibrational intervals and rotational constants to better than 0.2 cm −1 , and 0.0013 cm −1 , respectively, despite the fact that both the OH and OD isotopomers had to be fit simultaneously due to the small number of available experimental points.
To obtain this fit the bend-stretch combination bands have been reassigned to fundamentals of the bend. Attempts to fit the data as it was assigned previously, by Gazdy and The one dimensional adiabatic stretch potentials for Ne·OH (thick line) and Ne·OD (thin line) are overlapped with three lowest stretching levels, as described in the text.
